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Introduct ion: 

SPACE SHUTTLE MAIN ENGINE TURBOPUMP TRANSDUCER 

by Tom Peterson 
Rocketdyne Division 

Rockwell International 

<::> Part of t he credit for the success of AMerica's Space Shuttle goes to the 
CJC) operation of the Rocketdyne-built Space Shuttle Matn Engines (SSME). Three Main 
-~Engines along with the Solid Aacktt Boosters, have powered the Space Shuttle's 
~Columbia and Challenger to orbit several ti.es; with .ore to come. (Figure 1) 

The reusability of the SSM£ has been delonstrattd by the success of the first 
ive flights of the Columbia using the SIM three SSMEs. L'. • / ) 

~ <t~ < ~~~~ .... " C::." ~ ' " s ( < ~ ('(' ([ 
·~Advances in liquid rocket engine technology were required to me t the life and 
:::>reusability criteria set by the Space Shuttle Program fOr the . • To verify 

the SSME design life, extensive develop.ent testing and hardware inspection was 
c:::a... required. 

5l Each SSME has four turbopu~~ps whtch are used to pump propellant for combustion. 
One of t hese t urbopum ps which pu111ps ltqutd oxygen ts the High Pressure OJCygen 
Turbopump (HPOTP). Using 1 t.o-stage turbtne, the HPOTP~ 29,410 horse­
power to pump 69.6 pounds per second of liquid oaygen.r( Figure 2f' One area of 
hardware inspection and testing to tnsure engine 11ft and operation was in the 
area of the rocket engine turboPIIIP bl1rtngs. Bearing lift h crttical to the 
overall reusability of the HPOTP. 

After each develo~nt test of the SSM[, inspection of .. ny engine parts are 
made. Dur ing inspection of the HPOTP 1t was observed that s0111 of the bearings 
in the PUIIP were wearing excess~ blartngs tn question were the nUIIber 
3 and 4 bearings in the _,.r""{figure 3)' To dltln~ine the cause of the wear, 
one HPOTP would be tnstr~ted to .anttor the bearing conditions. 

Transducer Design Considerations: 

Before the HPOTP could bt instru.~nttd, 1 .. ens to IGftitor the bearing load 
conditions was devised. Considtrettons were •de wtth respect to the operating 
conditions of the HPOTP and the type and plece.ent of the instrUMentation. 

The regions around the bearings and the bearings th•sehes are cooled with 
liquid and gaseous oxygen. n. tlllptrature rantts fr011 lllbtent to -273•f. The 
Area 1s pressurized up to 400 psig durtng t M KPOTP optration. lecaust of the 
liquid O.ygen (LOX) environ-.~~t, all illst,.....tatton placed tn the ,_P would 
have to be compatible with LOX or be covered to protect tt from the LOX. 

A protective coating wu proposed that wuld cover the instrumentation to pro· 
tect it from the LOX environ.ent. TM coatt•g, supplied by Rlybtstos-Manh1ttan 
called Refset, was used to cover IIOft•LOX ca.pattble .. terials. Rl1bfstos-Man­
hattAn rec01111endtd the Rtfset COIIPOund as tM •st suitable for 1 pressurized 
LOX envtronMnt. Further laborator1 tests b1 locketdJM verified the use of 
Refset in the HPOTP. The tests included LOX i-..ct, tht~l shock end strain 
transfer tests. 
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The LOX impact test verified the iMpact resisttnce of Refset in a pressurized 
LOX environment. The test imPtcted a s~t~~ple of Refset with 72 ft-lb s of energy. 
The environment around the stmple was controlled to -220°F and pressurized to 
600 ps i g. Twent) impacts were made without a Refset reaction. 

The thermal shock test deterMined the the,..l senstttvtty of Refset. A test bar 
coated with Refset was submerged tn ltqutd nitrogen. Strains up to 6000 micro 
in./in. were then applied to the Refset area of the Test bar. The test was re­
peated four times. After the tests, the Refset coating was examined for cracks 
or loss of adhesiveness. No visual or Microscopic indications of cracking. 
peeling or any other evidence of loss of adhesion was fOund. 

The strain transfer test vertfiea the use of Refset wtth strain gages. A test 
bar was stra1ngaged and placed in a tensile test -.chtne. Strains were recorded 
as load was applied with and without 1 Refset coating over the strain gages. 
The test data showed no difference tn recorded tn strain between the uncoated 
and coated strain gages. It was concluded ~ these tests that Refset would 
be acceptable as 1 protective coating over non-Lox compatible instrumentation. 

The type and plac..ent of the tnstrU~entttion tn the HPOTP was the next consid­
eration. Several Mthods were revtew~d to •nttor tlw load on the bearing in 
the HPOTP. Figure 4 shows the use of 1 11111 101d ct11 (ptezioe1ectrtc type) 
to measure loads applied to the bearings. As s~ tn Figure 3, the cartridge 
support is attached to the HPOTP housing tnd the bt1ring cartridge acts as a 
spring to allow the HPOTP to tr1vtl 111111y. The 1xi1l .av ... nt ts plus and 
minus forty thousandths of 1n inch f~ the zero position. One of the 1xial 
travel stops ts the c.rtrtdge support. The other stop ts 1 HPOTP p1rt that 
hooks over the edge of the be1ring c.rtrtdtl. Tilt l01d ull wou1 d be phced on 
the cartridge support to 1111sure tM l01d IS the bt1rtng c•rtrtdge bott011s 
whtl e traveling towtrd the Turbine End. Adv1ntag11 to the lo1dcell llllthod 
would be that the load cell could be c1ltbr1ted tr.dtpendtnt of the pump and the 
loadcell could be .. tched to the esti .. ted bt1ring 101d. ly stlteting the 
proper loadcell r1nge. the stgn1l output could be optiMized. The disadvan­
tages of the loadcell 1re thlt 1otd ••sured ts tn only one dtrection and the 
little availability of tht 1otdct11 ~th the proper r1nge 1nd stze from a 
supplier. 

The next two methods •re dtrhtthes of t .. l01dcel1 idea. (Figures 5 and 6) 
Each used a load col.-. to stnst t .. bttrtng 101d. loth Mthods NMOvtd the 
doubt of loadcell IVI111btl tty. Tilt 1o1dce1l ..,ld bt •nuf1ctured •tn house• 
but the load 1111asured WIS still only in one dtrectton. Tilt dtstgn 1nd instal h­
tion of the load col.-.s 1ho •s c.pltx ~t" •tt·rotatton ttngs 1nd retainer 
rtngs. 
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The next .ethod (figure 7) uses the cartridge support as 1 spring element. 
Stress concentration holes were devised to try to increase the strain output 
but with little success. less than O.OZS mV/V output was calculated using 
the estimated bearing loads. Because of the low signal output and the one 
direction load, this .. thod was not used. The last t.o .ethods that were reviewed 
incorporated the ust of the Bearing Cartridge as the spring element. Figure 8 
shows a strain gage easily placed on the ~P end of the Bearing Cartridge. This 
location would sense applied bearing lotds in both directions and would require 
minimum rework of the HPOTP hardware. The dtsadventege wu the questionable low 
signal output. 

Figure 9 is similar and requires little htrdware modtficttion but some doubt as 
to the signal output. 

After studying the last two ~ethods it W~S observed that during bearing loading 
the strains in the Betring Ctrtridge of the lest t.o proposed locttions were 
opposite in direction. Thtt is, as the load was epplied toward the turbine end 
of the HPOTP, the strain gage locetion tn Figure 8 .auld be in co.presston and 
the strain gage locttion in Figure 9 would bl in tension. By using the two 
locations and wiring them in the s ... Wheetstone instr~tetions bridge, tn 
tddittve output could be gained. Tilts eddithe signel output .auld overcome the 
concern of low output ff'OIR only one locetton. 

To verify the signtl output of the lest two .. thods, 1 bench test was MAde using 
the Beuing Cartridge. Stretn gages •re installed on the Bearing Cartridge tn 
the two c:tesigntted focetions. The leering Cartridge, •unted in fixtures to 
simultte the HPOTP, .. s loaded up to lOOOpounds tn both exial directions. Stretns 
up to \ZOO ~tn./in ... re records frae the tiWihi.,al locetions. 

As the bearing load strein gage locations •re bliRg specified, 1 secondery ob­
jective of monitoring HPOTP shaft exiel trevel .. , suggested. By knowing the 
location of the shift 1Xi1lly in the HPOTP, it wuld verify the direction of the 
bearing load and provtdt tnfo,.tion on the HPOTP operetton. The slotted area 
of the Bearing Cartridge bee ... en tdeal INI for the stretn gages to _,.ttor 
shaft axitl .aviMiftt. 

The hyout of the two channels of shaft trevel .,.ttoring strain gages (Sridges 
No. 2 and No. 5) end the three chennels of load .anttoring strain gages (Bridges 
No. 1, No. 3 and No. 4) ,,. hC*ft in Figure 10. The leartng Certridge wes 
.adified slightly to allow for eester w1re routtng of the loed _..itortng streir. 
gages. 

Strain g~ges ..... used es the .,.ttor HftSOr for sever1l rtll\»ns. The installa­
tion of the stretn gage re.,ired very little .._,..,. ... •dtftcation. 

Also, Rocket dyne •s f•11 tar w1tlt stratn 1111 tnsta11ettons •d tM acc•peny­
ing tnstru.enttt1on. 
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The next step  in the design considerations to monitor bearing load and shaft 
travel was to specify the  type of strain gages and epoxy to use.    The first con- 
sideration would be  the environment where the strain gage would operate and the 
material  to which it will   be bonded.    The temperature around the Bearing Cart- 
ridge during operation ranges from ambient to -2730F    The Bearing Cartridge 
material   is  Inconel   718 with a coefficient of expansion of 7.8 ppm/0F.    Due to 
the low temperature extreme of the Bearing Cartridge, a nickel-chromium alloy 
foil  gage with a self-temperature compensation (S-T-C)  of 13 was specified.    The 
S-T-C of 13 supplies the best  fit of the apparent strain curve on Inconel   718 
at the low temperature end of the HPOTP operating range.    The alloy foil  was 
also specified on a  glass  reinforced epoxy-phenol ic resin backing since strains 
of less than U were to be encountered.    The strain gage size was limited to 
what would fit  the  locations.    With these considerations in mind, the strain 
gages called for use on the Bearing Cartridge were SK-1 3-031DE-350 and 
SK-13-031 EC-350 by Micro Measurements.      M-Bond 610 was designated as the bond- 
ing agent because of its outstanding job at cryogenic temperatures. 

The strain gages were applied to the Bearing Cartridge as identified on Figure 
10, curing the M-Bond 610 at 350oF for two hours and post-curing at 400oF for 
two hours.    Figures 11, 1Z, 13 and 14 show the actual  strain locations and wire 
routing.    The strain gages and wires were then coated with Refset. 

Transducer Calibration and HPOTP Assembly: 

The instrumented Bearing Cartridge was ready for calibration and installation In 
the HPOTP.    A bench calibration of the Bearing Cartridge was made on an Instron 
Machine using fixtures to simulate the HPOTP housing and bearing.    Loads up to 
5000 pounds were applied while deflection and strain measurements were made. 
The bench calibration was  performed at ambient and liquid nitrogen temperatures. 
The strain verse load or deflection was then plotted.    (Figure 15) 

The Bearing Cartridge was then cleaned and installed in a HPOTP.   The strain gage 
wires were routed out of the HPOTP through two Conax fittings (see Figure 7) 
After installation, the Bearing Cartridge calibration was checked by applying 
loads to the HPOTP's shaft and monitoring the strain gage output.    This load 
application was performed at ambient and liquid nitrogen temperatures also. 

HPOTP Engine Testing and Data Discussion: 

After complete assembly, the instrumented HPOTP was shipped to the Santa Susana 
Field Laboratory of Rocketdyne for Installation into an SSME.    After installa- 
tion, the deflection monitoring strain gages were checked for a "zero" reading. 
This verified that the HPOTP had been installed properly and the shaft was not 
already bottomed.    A total of twenty-two "hot fire" tests were made with the 
instrumented HPOTP In an SSME.    The test time varied from 1.5 to 200 seconds 
and included testing the HPOTP In three different SSMEs. 
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Frc-i the test data,  plots of the HPOTP shaft travel  and bearing load versus time 
were made.    One test Is depicted in Figure 16.    At the start of the test the 
HPOTP is bottomed against the turbine end stop.    After about 3 seconds into the 
test the shaft moves away from the stop and is axially balanced during changes 
in Engine power level.    At cut-off, the shaft again bottoms against the turbine 
end stop.    With the shaft moving on and off the stops, a verification of the 
strain gage calibration was made. 

Figure 17 depicts bearing load and shaft position as monitored by the instrument- 
ed Bearing Cartridge.    At engine start, the HPOTP shaft is again bottomed against 
the turbine end stop.    Load can be noted being applied to the bearings of up to 
2000 pounds.    After leaving to stop, the shaft is again balanced axially and the 
load monitoring channel   is essentially zero.    At cut-off, the shaft bottoms on 
the turbine end stop and a large load of about 6000 pounds is applied to the 
bearings.    After four seconds, the shaft moves to the pump end stop and another 
load is applied to over 4000 pounds on the bearings. 

As the engine test data was reviewed from the instrumented HPOTP, insight was 
gained and corrective action was taken to lower HPOTP bearing loads.    By lower- 
ing the bearing loads the life of the bearings was increased.    After a small 
engine cut-off valve sequence change, the loads to the bearing were cut to below 
1000 pounds.    Other changes were made to Insure that the bearing loads in the 
HPOTP remain low. 

Designing, building and using the instrumented Bearing Cartridge provided the 
needed data to insure proper bearing life in the HPOTP.    This type of testing 
insures the SSME will meet the expected design life required by the Space Shuttle 
Program. 

155 

-.J.*.-..!.JE_,.J!?«;; 
l"2rz: 



0) 

ö) 

■■- 



3 a. 
O 

V) 
oc 

UJ 

I 
< 

< 
Z 
oc 
2 
oc 
UJ a. 
> 

H    m «o n Q) 

y   N w •-  • 

z   no 

lisp 
H    r. r« * r^ 

HSI. 
* ^ 

IV     '•Nr>;^<0$*^ 

• O) M U) fM tf> O 

ml sn 

ü 
UJ 

i < 
iii 
O IUO 
u.a.5 
UJ UJ o 
-J-l« 
SS5 
a. a. a. 

1- 
UJS. 

ui 

^^ 
0.55 
sococ 
333 

UJ UJ 

OC 
o 
ui 
O 

5SS3S 
ocococococ 

CM 

0) 
u. 
3 
01 

K-oor 

157 

- ^■ ■--- Hi» ■ilMI!   IIIIÜI jBHari J 



Ill 
o o 
cc 

< 

ü 
(3 
Z 

< 
LU 
m 

O a 

Q 
LU 

Z 
IU 

CC 
h- 
0) z 

CO 

0) 

UJ / 
Ü 
Q ü z 
E 

< 

E 
< 
Ui 
CD u n a 

z d 
E z 
< 

o 

§ I = 5 

«I 

892-SCt- 

1 58 

ii..-..-..;    ■ ifii ^^^ J 



Ul 
O 9 
DC 
I- 

< o 
o 
cc l- 

o 
< 

UJ (3 
z 

CO p 
3 
0 

GL CC 
-1 

1- < 
z o o 

a 
X Ö 

z 
o 

o ■ ' 

UJ 

LÜ 

0) 

© 

3 

5 5 

it Hi 
wz-sev1 

159 

%^i'..«^*>*4 
ss: J 



^1 

10 

0) 

III 

e82-se^ 

*— 



LU 
ü 
o 

oc 
< o 
o z 
cc 
< 
111 
CD 

Ö 
o. 

Q 
111 

111 

OC 
I- 
z 

(0 

© 

a 

< 

^ i 
L'±3   C^J    > 

-N CD 
a   > 

-0  5 

III 
Hi 

0Z3-SGf 

161 

<fc-. <.. .-*vm. I 



1 

0) 

III 
692-9efr 

'ifcH'llLJittä- J 



LU 
o 
o 
cc 
I- 

< 
o 
o 

(0 z 
o 
< 
Ü o 

0C LU <o 
LU < 
CD (5 

O 
CL 

Q 
LU 

LU 

< 
cc 
i- 
0) 

Q 
LU 
(/) 

O 
Q. 
O 
OC 
Q. 

00 

© 

a 

§ 

= c 0 

5? ig 
I" 

c 

_ » 

£ i 

19Z-SZV 

163 

4Ma$mämk 



ä<0 

Ul 
o 
o 
E 

< 

ü 
o 

< 

ü o 

O) 

0) 

D 

5  o 

Hl 

282-sef 

164 



UJ 
O 9 
oc 
i- 

go 

id 

Ö 
Q. 

UJ 
o 
< 

IÖ 

OZ 

OC 

w 
z 

e92-9Gt' 

165 

.. ■ - •■«. «s 



Ill 
o 
9 

ir 
< 

O 

O z 
DC 
< 
UJ 
CD 

rx 
O a. 
x 

0) 

O) 

ill 
L   S.     ' 

99? err 

ibO 



■•    ■ 



CO 

0 

O) 

c ? 

= c 0. 
s. z: * 

U 4. ji 

C i a 

fr92-SEf 

168 

■> ■  ■ ■> 
■ 



0) 

—    5 

iC   c 
|«   | 

^ 
CCi   s 

sg^-sct- 

JMBaMMk ■MLMMI ^M J 



LU 
O g 
I- 

< 
Ü 

o z 
cc 
< 
LU 
OQ 

O 
Q. 

Q 
Ul 

< 

< 
Ü 

LU 
S 
D 
OC 
H 
0) 

Ui 
I 
U 
z 

z 
g 
o 
UJ 

(HDNI/HDNI OHOIW) NIVbiS 

m 

0) 

•v. 

-8 5 

111 
t)      M II ±   s 

igz-get- 

170 

■fca^Twim.^.,1 -^yp«1 .»..■? »-■-^«.'^ 
**£&* 

'■ -'- ^' 



(S3H3NI) NOIiD31d3a idVHS „ c _ 

092-90^ 

171 

i 4 

W: 



m 

i 


